The nuclear magnetic resonance (NMR) analytical technique was used to investigate the double walled carbon nanotubes (DWNTs) electromagnetic properties of inner walls. The local magnetic and electronic properties of inner nanotubes in DWNTs were analyzed using 25%
Introduction
With their special properties, such as superconductivity or magnetic shielding effect, extensive studies of double walled carbon nanotubes(DWNTs) have been conducted theoretically as well as experimentally [1] [2] [3] [4] [5] [6] [7] [8] . Nuclear magnetic resonance (NMR) study, which is one of the most important tools to investigate their electronic and local magnetic properties, however, has been limited due to transition metal impurities used as catalyst particles during synthesis. Recently, Singer et al. used DWNTs made from 89% enriched C 60 peapods by high temperature annealing, so that encapsulated fullerenes dominate NMR signal [9] . From 13 C relaxation study, they found that all the inner nanotubes show 1D metallic Luttinger-liquid behavior, followed by the spin-gap opening at low temperature. Besides the interesting 1D behavior, there is still much more information in DWNTs to be explored. For example, a theoretical study by Marques et al. predicts that inner nanotubes would experience diamagnetic shifts due to ring currents from electrons on outer nanotubes [10] .
In our study, with the novel magnetic filtration purification method, we could obtain ferromagnetic catalyst-free diamagnetic single walled carbon nanotubes (SWNTs). They produce well resolved NMR lines despite natural carbon abundance [11, 12] . This enables us to investigate the local magnetic and electronic properties of inner nanotubes in DWNTs using 25%
13 C enriched C 60 by which the effect of dipolar coupling could be minimized. As predicted by Marques et al., we found the diamagnetic shielding from outer nanotubes in DWNTs [10] . The CSA NMR spectra and spin-lattice relaxation studies on DWNTs revealed the metallic properties of the inner nanotubes with a signature of the spin-gap opening below 70 K as claimed by Singer et al. [9] .
Experimental Procedures
The starting material, SWNTs and 25%
13 C enriched C 60 , was purchased from Carbon Solution Inc. and MER Corporation, 2 Journal of Nanomaterials respectively. The magnetic purification is well described in [12] . Briefly, SWNTs were oxidized in air for 10 minutes at 600 ∘ C following bath sonication in hydrochloric acid for 40 minutes at 650 ∘ C to remove bare Ni/Y catalyst particles. After the acid treated materials were dispersed in dimethylformamide (DMF) by bath sonication, the solution was filtered through the magnetic field of 1.1 Tesla. Peapods were then prepared by vapor phase filling for 10 hrs at 650 ∘ C, following 1 hr after annealing in dynamic vacuum to remove excessive enriched fullerenes. Finally, DWNTs were fabricated by annealing the peapods dynamic vacuum for 48 hrs at 1250 ∘ C. With Renishaw 100 spectrometer operating with red laser (633 nm) at room temperature, the development of inner tubes in DWNTs was verified. For the representative images of peapods and DWNTs, JOEL 2010 transmission electron microscope was used.
13 C NMR experiments were carried out in nanoNMRI group, Montpellier, using a Bruker ASX200 spectrometer at magnetic field of 4.2 T and Larmor frequency of 50.3 MHz. The 13 C NMR spectrum was performed using Han echo synchronized with a rotor spinning at 10 KHz. The spin-lattice relaxation time was measured by saturation-recovery technique. Temperature studies in NMR were performed in a sealed glass tube after being evacuated overnight at a dynamic vacuum of 10 −8 Torr. 13 C MAT NMR experiment was carried out using the 5-pulse sequence. Data acquisition was performed directly after the last /2 pulse. The MAT rotor frequency was 150 Hz and varied from 0.1 s to 6 s within 40 steps. The free induction decay (FID) acquisition during the acquisition included 1024 points with a dwell time of 4 s. A two-dimensional Fourier transform technique represents the isotropic chemical shift projection in one frequency dimension (F1) and the static anisotropic powder pattern along the other frequency axis (F2) [13] [14] [15] .
Results and Discussion
In Figure 1 , we show the Raman spectra of SWNTs (I), peapod (II), and DWNTs treated by annealing peapod samples (III). The radial breathing mode positions of the SWNTs at 150 and 167 cm −1 indicate the presence of tubes with diameters of 1.57 and 1.46 nm, respectively [16] . This is in good agreement with the estimated tube diameter from the HR-TEM. In addition to the SWNT Raman modes, we see for the untreated peapod sample weak signals from the C 60 molecules confined in the SWNTs. The positions of the A g (1) and the A g (2) modes at 484 and 1450 cm −1 are downshifted compared to pristine C 60 due to the 13 C enrichment of the C 60 molecules. The DWNTs samples show additional Raman features in the spectral region of 250-350 cm −1 . They originate from the inner nanotube after annealing fullerene, whose average diameter is 0.75 nm. This compares with the average diameter of inner tubes from the direct measurement in TEM images. Since Raman spectroscopy provided only limited information regarding composition of the sample, the most detailed information was obtained by NMR spectroscopy.
The NMR study was performed using Han echo synchronized with a rotor spinning at 10 KHz, on peapod, and on DWNTs synthesized from these peapods. It is possible to assign the observed effects confidently only to molecules of C 60 and nanotubes situated in the interior space of SWNT. Figure 2 shows the magic angle spinning NMR spectra of peapods (I) and DWNTs (II). The signal from the peapods can be fitted with three lines, the first at 111.3 ppm ( -position), a second at 118.8 ppm, and a third at 148.2 ppm ( -position). The line at 111.3 ppm is assigned to C 60 molecules in the interior of the SWNTs. This signal is diamagnetically shifted from the normal position of FCC C 60 , located at 143.6 ppm. The diamagnetic shift occurs due to a local magnetic field on the C 60 molecules produced by ring currents on the honeycomb surface of the nanotube [10, [17] [18] [19] . The same effect has been observed for 3 He encapsulated inside fullerene molecules [20] . The sharp character of this line indicates that the C 60 molecules are still rotating inside the carbon nanotubes ( -position). This result is in agreement with semiempirical calculations [21] and recent experiments, [17] [18] [19] 22] which show that C 60 molecules inside nanotubes rotate at the NMR time scale at room temperature. The signal at 118.8 ppm represents the NMR response of the carbons in the SWNTs [23, 24] . Finally, the line at 148.2 ppm represents C 60 molecules at the interior of SWNTs but located at tube defects, giving rise to a slight paramagnetic shift of the NMR line position compared to pristine C 60 [25] . Its significant broadening compared to freely rotating C 60 suggests that the C 60 molecules are no longer rotating when located in the vicinity of nanotube defects ( -position). The broadening indicates also that C 60 molecules are not located outside the SWNT, which would show up as a narrow line at 143.6 ppm [26] . The DWNTs result in drastic modifications of the NMR spectra. (Figure 3 ) can be done using one Lorentzian line at 118.8 ppm representing the outer SWNTs and a distribution of Lorentzian lines centered around 125.8 and 100 ppm representing the inner nanotubes at and positions, respectively [17] [18] [19] . This fit allows us to estimate that the SWNTs provide a 16 ± 2% contribution to the measured signal, whereas the remaining 84% comes from inner nanotubes. This result agrees well with a 70% filling factor of peapods and a 25%
13 C enrichment of encapsulated C 60 [12] . As predicted by Marques et al. [10] , the peak at 100 ppm is assigned to diamagnetically shifted inner nanotubes ( -position) due to ring current from electrons on outer nanotubes. The other peak at 125.8 ppm can be deconvoluted into two contributions, one from paramagnetically shifted inner nanotube ( -position) close to defects on outer nanotubes and the other from outer nanotubes themselves. However, the diamagnetic shift in DWNTs (−26.6 ppm) is smaller than that in peapods (−36.9 ppm). In the current study, the magnitude of a diamagnetic shift is measured by the gap between paramagnetically and diamagnetically shifted peaks. The former shift is sensitive to the content of defects on outer nanotubes. The lesser number of defects in DWNTs than those in peapods will lead to the smaller paramagnetic shift and hence smaller gap. This is due to the heat treatment during the DWNTs production.
The difference between the inner nanotubes (125.8 ppm), relative to the outer nanotubes (118.8 ppm), is expected due to the paramagnetic shift for carbon located at tube defects and the smaller diameter in the former which modify the electronic structure of orbital [27] [28] [29] [30] [31] [32] . For the investigation of shift anisotropy the magic angle turning (MAT) technique was applied. Two-dimensional Fourier transformation as a function of and results in the 2D-MAT spectrum of DWNTs in Figure 4 . It is important to note that projections of the 2D spectrum onto the two axes of the contour plot do not directly represent the isotropic and chemical shift anisotropy (CSA) patterns, since data acquisition is already started after the last /2-pulse of the MAT pulse sequence. Therefore, the scaling of the axis in Figure 4 (a) is displayed in arbitrary units. Projecting the spectrum onto the acquisition dimension axis at an angle arctan ( 2 /3 1 ) will result in the isotropic-shift spectrum, while projection on a perpendicular axis will result in the CSA powder pattern. 1/2 is defined by the number of acquisition points and dwell times given by and [14] . In the 2D spectrum two main peaks (A) and (B) are clearly visible, indicating the and positions of the inner nanotubes. Projecting the spectrum onto the acquisition dimension axis gives the same isotropic 13 C NMR spectrum shown in Figure 2 (II). Projecting the spectrum on a perpendicular axis yields the anisotropic (CSA) 13 C NMR spectrum in Figure 4 (b) of DWNTs. However, the CSA NMR spectra exhibit a clear anisotropy reduction compared to SWNTs due to change into metallic-like shift anisotropy as reported by Goze-Bac et al. and Latil et al. [23, 24] , which supports the results of Singer et al. that claimed that all inner nanotubes are metallic [9] . There are two known contributions to the total 13 C NMR shift of metallic tubes, namely, the Knight shift K and the chemical shift , where the Knight shift arises from the hyperfine coupling of the nuclei to conduction electron spins and the chemical shift summarizes all contributions from orbital currents due to local magnetic fields. Both Knight shift K and spin-lattice relaxation time 1 relaxation are affected by the density of states (DOS) at the Fermi surface n( ) shift and relaxation are dominated by the magnetic interaction with the conduction electrons of the metal [33] . In order to go further in our electronic study and to obtain a better estimate of n( ), spin-lattice relaxation time measurements on DWNTs were applied. At room temperature, in the inset of Figure 5 , the observed relaxation curves signal a two-component model with one slow relaxing and one fast relaxing component, which can be rationalized by different types of inner nanotubes. Recent NMR studies on pristine SWNTs [34] and DWNTs [35] have used partly different models based on a stretched distribution of 1 values around one average. Indeed, the shape of MAS NMR spectrum with delay time of 200 ms shows the clear difference compared to that with 20 s delay as shown in Figure 5 , which forced us to use to fit the magnetization recovery, ( ), with double exponential function of the type:
where and are the equilibrium magnetizations for the two components. The relative magnitudes, / 0 and / 0 , with 0 = + do not differ in a systematic way and are determined to be 75% ± 7% and 25% ± 7%. The slow and fast relaxing components derived from the fit at room temperature result in 1 = 5 s and 1 = 0.2 s. The two components are very small compared to SWNTs [23, 24] and are in good agreement with metallic doping nanotube at high intercalations level [36, 37] due to high density of states (DOS) of the metallic tubes.
13 C NMR 1 measurements as a function of temperature in Figure 6 can be expressed as
where iso is the isotropic hyperfine coupling constant [38] . We assume a hyperfine coupling of iso = 8.2 × 10
eV and fit the linear regime part of the 13 C NMR spinlattice relaxation. Hence, we were able to estimate the ( ) of DWNTs. For the slow component we observed a linear regime following Korringa behavior, which is typical for a metallic Fermi liquid system. For the fast component we observed a Korringa behavior that decreases linearly down to 70 K, the deviation below this temperature is the signature of the spin-gap opening as Singer et al. claimed [9] . From (2) ( ) can be extracted to be 0.057 and 0.011 states/(eV⋅spin⋅atom), for the fast and slow relaxation respectively. Since ( ) is inversely proportional to the diameter of nanotubes, theoretical ( ) for 0.7 nm nanotubes is predicted to be 0.03 states/(eV⋅spin⋅atom) or higher [7, 39] . The enhancement of the extracted ( ) compared to the theoretical value is expected from the interaction with outer nanotubes or from small doping caused by charge transfer from outer to inner nanotubes [3] [4] [5] [6] . Indeed, also Hashimoto et al. performed HR-TEM study where only the inner tube was found to have metallic geometry in random observation [3] . 
Conclusion
Using 25%
13 C enriched C 60 by which the effect of dipolar coupling could be minimized enables us to investigate the local magnetic and electronic properties of inner nanotubes in DWNTs.
13 C NMR on DWNTs produced two well resolved isotropic shifts. The one at 100 ppm is assigned to diamagnetically shift inner nanotubes ( -position) due to ring current from electrons on outer nanotubes. The other peak at 125.8 ppm can be deconvoluted into two contributions, one from paramagnetically shifted inner nanotube ( -position) close to defects on outer nanotubes and the other from outer nanotubes themselves. For the investigation of shift anisotropy (CSA), the magic angle turning (MAT) technique was applied that exhibits a clear anisotropy reduction compared to SWNTs due to change into metallic-like shift anisotropy. The spin-lattice relaxation studies on DWNTs reveal a two-component model with one slow relaxing and one fast relaxing component which can be rationalized by different types of inner nanotubes. The two components are very small compared to SWNTs and are in good agreement with metallic nanotube due to high density of states (DOS) of the metallic tubes. The 13 C NMR 1 measurements as a function of temperature confirm the metallic properties of the inner nanotubes with a signature of the spin-gap opening below 70 K.
